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ABSTRACT

A model of planetafy formation is suggested, whereby gas |
streaming more or less radially from a protosim interacts with a
distant solar nebula in the plane of the ecliptic. A large ring of ma-
terial is detached from the solar nebula. As this ring moves inward
it successively divides: in each event a ring is left behind. The
spacing of the series of concentric rings so formed appears to ap-

proximate the observed spacing of the planets.

The model when applied to protoplanets surrounded byv mini-
ature 'solar nebulae'; describes a similar process. The rings thus
genérated are taken to provide the material for satellite formation.

The spacing of the satellites of Jupiter, Saturn, and Uranus which
show evidence of uniform development is predicted to be about the same

’

as that of the planets. Observations lend credence to this suggestion.




I - INTRODUCTION

Bode's empirical law has never pretended to explain the spac-
ing of planets on the basis of a more fundamental theory, but merely
attempts to describe their locations in an ad hoc manner. 'Subsequent
wdrk on cosmogony has generally coﬁcentrated on explaining the (jrigin
of the planetary system as a whole, and does not customarily predict
the sizes of planetary orbits. Thus, the theories of Kant (1755), Laplace
(1796), Whipple (1948), Hoyle (1960), and Cameron (1962) consider the
problems of formation of a solar nebula, its properties, such as mass
distribution, temperature, and composition, its interaction with the
magnetic field connecting it to a collaiasing protosun, and its condensation
into planets. The theories of von WeizsHcker (1944), Berlage (1948), |
Alfvén (1954), and Schmidt (1959) contain parameters which predict
specific spacings for clumps of planetary material, and may therefore

be regarded as possible explanations of Bode's Law.

A characteristic feature of most cosmogonies seems to be that t
of regarding the planets as formed from a medium which is either left
in place by a contracting protosun, or produced by material ejected
from the protosun. The dominant theme is one of stationary orbits or

radial outflow. Angular momentum transfer is from the sun outwards.

We would like to suggest, in this paper, a somewhat different
approach. That is, we propose to outline a model in which material

flowing out from the protosun (hereafter referred to as the "sun") inter-




"acts with the material of a distant solar nebula. In this interaction

the solar material absorbs, i'ather than supi)lies, angular momentum,
thereby causing the nebula to move inwards to the positions of the
planetary orbits. As it moves inwards it splits up into concentric rings
of material moving in orbit around the sun. | In Section III we will esti—
mate the spacing of the rings and thus provide a derivation of Bode's
Law. The question of the condensation of these rings into protoplanets
we will not consider. However, once a protoplanet has fbrmed, in

Section IV we propose a mechanism for the formation of satellites.

The theory which céntains elements closest to those of our
present model is that of Whipple (1948). In his picture clouds of gas
and dust in motion about a protosun aécrete material from the surround-
ing region. The corresponding drag produced causes these clouds to |
spiral inwards as they become more massive , and makes their orbits
circular. They finally end up in the positions of (and become) the
present planets. The initial rotation of the protosun is postulated to
be small, and thus there are no problems associated with removing

angular momentum.

We will conclude with a few brief remarks on other astrophysical
situations in which the salient features of this model may be expected to

appear.




II - MASS LOSS FROM PROTOSUN

There are many well known or suspected forms of mass loss
from stars, rranging from quiet stellar winds to catastrophic super-
novae explosions (Deutsch, 1960; Weymann, 1963). We briefly review
here three processes which are possibly relevant to a protosun evolving

toward the main sequence.
Solar Wind

Mass loss in the form of the éblar wind has now become an
established phenomenon (Parker, 1963). This more or less isotropic
flow carries a flux of about 1012 g/sec. at a velocity of hundreds of
kilometers per second. The loss of material by the sun during its entire

main sequence lifetime will be less than . 1% of its mass.

Parker notes that a stellar wind is likely whenever atmospheric
turbulence or fluid motion is present at the surface of a star, The ’
energy necessary to produce the solar wind is thought to be provided
by thé solar hydrogen conx}ection zone. Iben's (1965) models of stars
- near one solar mass approaching the main sequence possess a surface
convective zone: indeed, some are convective throughout. Therefore

it is reasonable to expect that a protosun may have a solar wind, of un-

known strength,

The angular momentum per unit mass carried by the solar wind

- is small compared to that of matter in circular orbit at planetary dis-




tances., For example, the eé.rth with an otrbital velocity of 30 km/sec,
has 20 times as much angular momentum per unit mass as the solar
wind at 1 A, U. which has an azimuthal velocity of about 1.5 km/sec,
(Kraft, 1967). The angular mo'mentum of‘planeté fu'rthe‘r‘ out increases
as the square root of their orbital radii,‘while that of the solar wind
~can only remain constant. Any changes in solar wind angular momentum
must occur relatively close to the sun where magnetic coupling can be

effective.

A solar wind thus provides a weak source of high velocity, low

angular momentum material,

Centrifugal Mass Loss

If the sun is formed from'a cloud with rotation, then as it con-
tracts upon its approach to the main sequence conservation of angular
momentum requires its rotational speed to increase considerébly. There
is subsequently a good possibility that rotational instability will develop,’
causing material to be ejected or abandoned in the equatorial plane '
(Jeans,. 1929; Limber, 1867). Limber in his discussion of this mass
loss finds the flow in some ways similar to the solar wind. However,
near the sun the ejected material will be in neariy circular orbits:
centrifugalA force will balance gravitational attraction. In that case only
a small pressure gradient is required to drive the outward flow. Further

from the sun the flow becomes relatively radial. The angular momentum

per unit mass of the ejected material will not be much larger' than that of




material in Keplerian orbit at the solar surface, and this becomes
quite small when c‘ompared to the angular momentum per unit mass

of circular motion at planetary distances. Even if material is ejected
already possessing escape velocity its angular momentum is increased

by a factor of, at most, only V2.

A feature of this mechanism of mass ejection which is particu-
larly relevant to the ensuing discussion is the concentration of the out-

ward mass flow toward the plane of the ecliptic.

T Tauri Stars

There is evidence for rapidv loss of mass by T Tauri stars,
which are generally considered to represent stars undergoing the pangs
‘of birth, Kuhi (1964) has analyzed line profiles in spectra of eight
T Tauri type stars. From his relatively detailed treatment of these

spectra we may make the following generalizations:

(a) The spectral clagses are late, around G or K. The effective
surface temperatures are about 4000-5000°K. The masses

are between .6 and 4M0. The radii are around 3Ro'

(b) There is radial outward flow of material. The velocities at
the stellar surface are not greatly different from escape speed,

which is around 200-400 km/sec.

(c) The rate of mass loss from this group of stars is quite high,
being 1/3=~6x10~7M0 per year. The total loss of mass during

the T Tauri stage ranges up to .4M_ (for a IM_ star).




The less specific results of Herbig (1962) confirm the high rate of
mass loss in T Tauri stars. He reports fluxes of up to 5x10”%Mm o

per year.

As far as the angular momentum of the mass flow is con-
cerned, it seems safe to say that it cannot exceed that of centrifugal
ejection (maybe this is centrifugal ejection), which, as we noted

' previously, is small.



I - RING FORMATION

Initial Conditions

Whereas the three cases of mass outfiow just discussed are
~all characterized by small angular momenta, this is hardly the only

| possibﬂity. A feature common to the theories of Hoyle and Alfvén

is the principle of magnetic braking, whereby angular momentum is
transferred from a rapidly rotating protosun to the solar nebula, or
to mass ejected by the protosun. Magnetic fields provide the coupling
mechanism. The ejected material remaiﬁing in orbit around the sun

later condenses to form protoplanets.

Clearly in these models, and in Schatzman's (1962) flare
mechanism for loss of spin large améunts of angular momentum are
imparted to the outward mass flux. However, in the present mbdel
we are going to presume that either the sun is initially’slowly rotating,
(as Whipple, 1948), or that rdtational braking occurs independently of
planetary formation, or that braking is mostly completed by thev time

planetary formation begins (cf. Layzer, 1965).

In addition we require that most of the extra-solar material be
located at a large distance from the sun, and in the plane of the ecliptic.
The sun should be located in a void, perhaps produced by the collapse
of material to make the sun itself. If material is ejected during angular
inomehfum loss it must not remain near the sun but must pass or join

or form a solar nebula in orbit beyond the distance of Pluto.




Layzer's (1965) theory of the behavior of magnetoturbulent proto-
stars predicts the emission by the central body of a shell, thickened at
~ its equator, or a ring. The ejected vniaterial contains most of the angular
momentum of the system. If a solar nebula were formed in this mahner,
it would not only produce a slowly rotating p;‘otosun, but would also leave

a void surrounding that sun.
The initial conditions for the model are:

(1) Sun surrounded by void out to a distance of about 50 A. U.
‘ Disc shaped solar nebula extending beyond 50 A.U. in

circular orbit. Composed of gas and dust.

(2) Fairly large mass flow from the sun. Total flow of around
. IM over time scale of about 10 million years. We shall
henceforth use the phrase '"gas stream' to refer to this mass
flow. Gas stream carries angular momentum small com-
pared to that of the solar nebula. Flow Veloqity slightly in
‘excess of escape, about 300 km/sec. at BRO . Flow perhaps‘

concentrated toward ecliptic.

Interaction Between Gas Stream and Solar Nebula

A gas stream leaving the solar surface at slightly more than
éscape velocity ( ~ 300 km/sec. ) will be moving quite slowly ( ~10-15
km/sec.) when it reaches the solar nebula. This velocity is likely to
be mildly supersonic, so that a stationary detached shock front will
form in front of the solar nebula. Flow behind the front is subsonic,

and, in its interaction with the solar nebula, turbulent. This produces




mixing with the nebula, thereby aﬁgmenting its mass. The self gravi-
tational field of the nebula retains the absorbed part of the gas stream.
- During the turbulent mixing on the outside of the solar nebula the dust

assists in radiating the kinetic-turned-thermal energy of the gas flow.

If the gas stream is subsonic the situation should be similar,
Turbulent mixing and gravitational binding will occur. The diminished

velocity aids accretion.

As the inner edge of the solar nebula absorbs mass from the
protosun its angular momentum remains unchanged, since the gas stream
has very little rotation. Therefore the angular momentum per unit mass
of the orbiting inner edge of the nebula becomes smaller. Thié causes
it to gradually move inward toward fhe sun. The amount of solar nebula
affected is détermined by the scale of the mixing depth. Furthermore, as
part of the nebula recedes from the bulk, gravitational forces should aid
in pinching off the increasingly tenuous connection between them. If the
solar nebula has already fragmented into annular shaped pieces, the de—’
tachment is strongly aided. A ring will disconnect from the solar nebula
and c'ontin.ue to move inwards. The remaining part of the inside edge of

the solar nebula, being shielded from the gas stream by the ring, will

remain in place.

Ring Properties

The properties of polytropic gas cylinders and rings have been

investigated by Ostriker (1964); non-compressible fluid models have




been considered by Randers (1942){ These analyses have always as-

sumed a condition of uniform rotation (no shéar) , and although not

~exactly applicable to the present model, th(;y may give a general

picture of some aspects of ring behavior. If a ring has cross section

(2h) small compared to its distance from the sun (r), then the cyliﬁdri—

éal polytropes of Ostriker should approximately describe its equilibrium
properties. The central temperature for a cylindriéal polytrope of

molecular hydrogen, of index n =3, is given by
T, ~ 1.2x107%)

T ax ~ 1016-101'7 g/cm, then T,~ 12-120°K, the temperature range we

would expect for a gas cloud not subjected to ionizing radiation or a
strong heating source. The protosun will not violate these conditions, |
since according to Iben®s models in will have a temperature between
about 4500 and 8000°K. The range of A chosen would provide enough

‘mass in a ring at 5 A.U. to manufacture between 2 and 20 Jupiters, p

the protoplanet mass suggested by Whipple (1964b). If we let h ~—.1—

r 20

then the central density will vary from 5 x 1072

-5x1078 g/cm3 for a
12 ’

ring at %—A.U. to5x 10

Ring Fission

-5x 107! g/cm3 for one at 40 A. U.

~ As the ring detached from the solar nebula accretes material
and becomes more massive it moves inward. At some point its mass

per unit length equals a critical value, 2X 0’ at which time it becomes




radially unstable. We now postulate that

(3) Fragmentation of a ring into two concentric, roughly equal
parts occurs when its mass per unit length attains a critical

value, 2x .

At this point the inner and outer parts of the ring will separate into
more or less equal, independent dynamical systems. This means

that further material added on the inner edge of the ring will not be
mixed into the outer edge. The mass of the inner ring continues to
rise, leaving its angular momentum unchanged, and this ring con-
tinues to move inward. The outer part of the bifurcated ring, of
‘mass per unit length A , is left behind, shielded from further material
addition by the inner ring. This process is then postulated tovrepeé’c.
The inner ring moves inward until its mass per unit length attains

2)5 s the critical value for fragmentation. Andther ring of mass per

unit length A  is left behind, and so on.

‘The question of the conditions under which the fragmentation
process (3) actually occurs needs further consideration. Randers
(1942) in his discussion of liquid rings investigated their stability. He
found them stable to changes in radius (r), including the case where the
changes are a function of azimuthal angle, but unstable to azimuthal
changes in cross sectional area. If in fact a gaseous polytrope behaves
like Randers' liquid model, then, whether stable azimuthal condensa-

tions will form depends on the rate of shear (not considered by Randers)




‘ compared to the rate of growth of a disturbance. The former is given
approximately by o

3

Tshear ~ ,/GM ,

the latter by

- ~ 1
collapse —
JG P
where M is the solar mass and [ is the average density in the ring.

Equating these two time scales yields the relation,

- ..M
Perit = 737

For liquid ring densities larger than ﬁcrit azimuthal instability will
occur; for smaller ring densities shearing motions will stretch out

incipient azimuthal condensations into radial pertui'bations. The ratio

of critical density to actual density is given by, ’
2
Perit 27 M < h >
o m T
We see that for h_ 1 and M >>m , the tendency to fragment into
r 20

"sausage links' is not overwhelming. Cook and Franklin (1964) predict
the same sort of behavior for incipient azimuthal instabilities in the ring
system of Saturn. Such stretched radial divisions will then either dis-

appear immediately, resulting in a single ring again, or be maintained



* long enough to permit independent behavior, for a time, of the

vestigal inner and outer parts of the ring. The longer the time before
coalescence, the longer the time for the inner part of the ring to move

~ inward under the influence of the gas stream, thus broadening or finally
splitting the ring. Of course, this whole discussion of fission is ob-
viously quite speculative in its application of the liquid, non-shear,
model. Gaseous rings may behave in an entirely different manner.

Further work on this problem is needed to fully justify assumption (3).

Ring Spacing

We have mentioned that upon fission of a ring into two nearly
“equal rings the inner one will shield the outer one from further acquisition
of matter from the gas flow. Furthermore, the outer ring will be shielded
from radiativé heating by the protosun, allowing its temperature to drop
sharply, and favoring subsequent development into a proto-planet.
Whether this shielding will continue to be effective as the inner ring moxies
further toward the sun must be investigated. The shielding from solar

16 1017 g/cm the riﬁgs

radiation should be nearly complete (for x ~ 10
will be opaque [Gaustad, 1963]) since, as seen from the sun, the inner
ring will subtend at least as large an angle as the outer. Condensation

of the outer ring and increasing heating of the inner one will act to make

the shielding more efficient.

Whether there is effective shielding from the influence of the gas

stream after the rings have separated a good deal depends roughly on the



ratio of transverse to radial gas particle velocity. The transverse
velocity, Vi, We may take as given by

2
myy vt ~ kTS

A whefe T, is the temperature of the gas stream. Near the earth's'
position, where the radial velocity is of the order of 50 km/sec., if

T_ is less than about 10% °K, which is likely to be the case, the
shielding should ‘be effective. Further out, say at the position of Nep-
tune, when the radial velocity will be of order 16 km/sec., for particle
shielding to occur T must be less than about 300°K, and this may
very likely not be true. Therefore, not immediately after separ'ation,
but later on when two Jovian planet rings have become separated by
quite a distance, the outer ring may be subject to a bit more accretion
from the gas stream, causing it to move inward a little more. This
“additional vulnerability to accretion will be diminished according to the
amount that cooling and condensation has lessened the cross section of ~
the outer ring. Caxﬁeron (1962) points out that the drop in temperature
of a shielcied gas and dust mixture will be very rapid, .perhaps to 10°K

in a million years.

In initial condition (2) we have only stipulated that the angular
momentum of the gas stream be small, not necessarily nonexistent,
Since in fact some centrifugal ejection or magnetic coupling is likely to
occur, the gas stream will carry non-zero rotation. This angular momen-

tum of the flow will be reflected in slight modifications of the ring spacings.




The éffect on rings at a large distance will be negligible since there
the angular momentum per unit mass contained in the rings is huge.
But for rings at the distances of the closer-planets the angular mo-
mentum contained in accreted matter begins to be more significant in
comparison with that of the ring. Since these two momenta are pre-
sumably in the same direction the effect will be to cause less inward
motion and consequently to diminish spacing between rings near the

sun.

Another factor influencing ring spacing will be the change in
mass of the protosun resulting from the gas stream. This effect will
causé the outer, and older, rings to fnove outward, their distances in~
creasing in inverse proportion to the chénge in solar mass. | The inner
rings will not be so much affected since they will be born at a later

epoch when most of the mass loss has already occurred.

Let us compute a numerical model. In addition to initial con~
ditions (1) and (2) and postulate (3) already stated let us assume for
simplicity that '

4) Shielding is perfect.
(5) The mass loss from the central body is small enough relative
to its total mass so that orbits are not significantly altered (a fair

assumption, as we shall see, for the outer couple of rings; a very

good assumption for the rest).




The angular momentum, H, of a ring of mass m, at distance
r. from the sun is given by |

2 2
H ocr01n0 .

Since as mass is added to a ring, H remains unchanged, we may

write

F =9 (1)

The mass per unit length X is then given by

r , ,
m To . ,
m_ T ' @

2
A'0

(@]

We consider a ring as having just been formed by division of a larger
ring. Then its mass per unit length is A o0? by aésumption (3). What
is its new radius, r, when it has achieved a mass per unit length neces-

sary for division again? Combining equations (1) and (2) we obtain
: 3 2 ‘
(3,)- (=)
T, D
r

When A = 2, then -°= 1.59~ 1.6

Total Mass Absorbed

On the basis of the prévious calculation, and postulate (3) we
may compute the total mass, AM , absorbed from the gas stream in the

formation of 10 proto-planets from a solar nebula. The mass absorbed




between the time a ring is newly born, with mass m_o'= 2 LEFR O until

it in turn divides, having mass Zml = 4ﬂrlho , is

. ' rl
Am = 2m -m_ =m_ (z o -1>._

Thus 10 r, n-1 STy '
am=3 () m(eR5-1).
n=1 ,
r, 1
For the present case of = = i’é
n~1 :

£

AM = 0.7 m,

If ring zero is the solar nebula beyond Pluto, at a distance of about

60 A.U. from the sun, and if Ao has the value of 2 x 1016

Mg

AMzé‘s—o

g/cm, then

Let us take the fraction of the flow intercepted and absorbed by rings to
be about 1/10. Therefore the total loss of mass by the protosun amounts

to about -;- M, . This is quite reasonable, in view of the fact that in the

T Tauri stage aloné nearly .4M o may be lost. }Any matter lost in earlier
stages is likely to be much more concentrated toward the ecliptic and not
requiring much of a total flow. It should be furthermore remembered |
that the present example has put enough mass into the 5 A, U. .ring to make

5 Jupiters, enough into the 1 A.U. ring to make 400 Earths, etc.



60% of the total mass absorbed in rings is used in the formation
of the first two (Plufo and Neptune), 75% in the formation of the first
three. Orbital changes as a result of the changing solar méss will then
primarily affect the zero ring (the solar nebula) aﬁd the first and second
rings. The magnitudé of the increése of these ring distances will be only

about 10~20%.

Planetary Spacing

In Table I we have listed the planets , including the asteroid belt,
and the semi-major axes of their 6rbits. In the third column the ratios
of the axes are tabulated. Within the accuracy of the calculation, the
grouping of these ratios between 1. 31 and 2. 01 (with an average of 1. 68)

can be considered as moderately good agreement with this model.

Being wary of overinterpreting the data, it might be suggesfed
that the smaller vﬁiues for the planets close to the sun reflect the effect
of the non-zero angular momentum of the gas stream. The smaller d
ratios for the outer planets might represent the effect of poor shielding
dominating over the effect of mass loss of the central body. Pluto’s
orbit, with its high eccentricity, actually intersecting the orbit of
Neptune, makes it difficult to decide whether it should be assigned its
own ring. Pluto has probably been severely perturbed, or captured

from Neptune (Lyttleton, 1936), and thus its original orbit is unknown. |




IV - SATELLITE FORMATION

Initial Conditions

If the above mechanism (or,” in fact, any mechanism) causeé
rings to be formed which condense into proto-planets, then a very
similar process is likely to occur at each proto-planet. W'e adopt as
initial conditions a proto-planet surrounded by a void (made empty by

-collapse of material into the planet) beyond which is a miniature "solar
nebula" consisting of some of the unused material left over from plane
formation. This material will be in the form of a thin disc, and in

circular orbital motion around the planet.

: Matter Sources

There are two processes which may serve to provide a source

of mass with low angular momentum to this disc,.

(2) Matter spun off in the direction of the protoplanet's equator

during its contraction.

(b) The gas stream (possibly somewhat diminished by now) from
the sun, focussed by the proto-planet's gravitational field,

and convergent within and on the disc.

Let us consider a few aspects of each of these mechanisms.




(a) The total mass of the satellites of any planet does not ex-
ceed 1/80 of the mass of the planet, and if we exclude Earth, does not
exceed 1/750 planet mass. This is a small amount of mass and could
easily be removed from the parent planet during its formation. The
angular momentum of this material will be small compared with that
of the disc around the planet, as in the case of the solar nebula. For
closer satellites this may no longer be true, and would cause closer

spacing of satellites,

(b) In order to estimate the amount of material from the solar
gas stream whicﬂ might be focussed by a planet assume that all ma-
terial within a distance, the accretion radius (Hoyle and Lyttleton, 1939),
is swept up. ' (Arguments on whether accretion acfually occurs are
largely irrelevant to this discussion, since only focussing is needed.
Some of the focussed stream will undoubtedly be accreted by the planet. )
Let us consider for example Saturn; take its mass to be the current
value (the least favorable case), and let the solar gas stream have velocity

about 10 km/sec. The accretion radius, a, is given by

a=2Gm

2
v

¥

3 A.U. If the solar gas stream is removing

which for Saturn is 5 x 10~
mass isotropically from the sun at the rate of, say, 3 x 107Tm o PEr
year, then in about a million years Saturn would focus enough material to

form all of its satellites from a miniature "solar nebula. "




Shielding of outer rings by inner ones would undoubtedly occur,
although perhaps riot with great efficiency. The angular momentum of
the accreted matter would be nearly zero in the non-rotating frame
moving with the planet; the effect of the planets orbital motion would

be simply to change the apparent radiant of the gas stream.

Satellite Spacing

The spacing of satellites formed in the above manner would re-
semble very closely that of the planets. Namely, the same idealized
model as used in planetary ring formation predicts a ratio of orbitavli
sizes of successix}e moons of about 1.6. In Table 2 we have listed the
satellites of Uranus, Jupiter, and Saturn, the only planets having more
than two. The ring system of Saturn (which would actually represent a
prirmordial riﬁg, much as most planets must have had) is treated as a
single satellite, Cassini's division being caused by resonance with
Mimas. Several orbital parameters are listed in the table. In column
three we list the ratios of semi-major axes of} heighk;oring satellites. ’
Note that for Saturn and Jupiter the satellites fall into two categorieé:
(i) those with direct orbits, small eccentricities, and small inclinations,
(ii) those with orbits of high inclination, often retrograde (R), and often
of high eccentricity. The former category suggests a more untroubled
history, common origin, and common eAvolution. And it is this same
category whose orbital sizes fit the pattern of being in ratios not too dif-

ferent from 1.6. We might say, at this point, that if we were about to

embark on a search for new satellifes of Saturn we would look between



satellites #5 and #6, and perhaps between satellites #7 and #8. On
Jupiter we would lbok between #5 and #1, Tidal forces may some-
what modify the initial spacing of satellites by moving the closer ones

outward.



V - FURTHER CONSIDERATIONS

Comet Belt

A comet belt beyond Neptuné or Pluto as envisioned by Whipple
(1964a) might be the remnants of an additional ring beyond Pluto, or
part of the same ring from which Pluto was condensed (if it was not
formed as a satellite of Neptune). Or they might be made from ring

material left over after planet formation.

Similar Mechanisms

An occurrence of exchange of angular momentum similar to that
envisioned in the interaction of a gas stream with the solar nebula has
been discussed by Oort (1962)., He is concerned with the inward motion
of a gaseous spiral arm caused by its absorption of gas of lower angular

momentum from an interior arm. .

The Poynting-Robertson effect likewise operates with a rotation-
less radial stream of photons causing an orbiting particle to move in-

wards.

Gas Flow Around Galactic Center

A situation very similar to that described appears to exist in the

region around the center of our galaxy. The common features are,

(a) Near the galactic nucleus gas flows radially outward with velocities

around 50-150 km/sec. (Rougoor and Oort, 1960).




(b) Two rings of gas are distinguished. One at around 4 kpc is
jonized hydrogen (Westerhout, 1958). The density of gas drops on
the central side of this ring. The other ring®s inner and outer edges
are at 500 and 590 pc. respectively (Rougoor and Oort, 1960)., Within
this ring the density drops sharply ﬁntil at a distance of about 300~
350 pc. the outer edge of a rotating disc appears. One, or both, of
these rings may have been formed by the radial flow in the same man-

ner in which planetary rings may be formed by a solar gas stream.

This author is now fufther investigating detailed models of flows
such as occur near the galactic center. It is perhaps not unreasonable
to speculate that other rings, such a_s around, for example, the galaxy
NGC 4612 are produced by similar interactions between ejected gas and

a surrounding cloud,



VI - SUMMARY

We have proposed a model to describe the formation and
spacing of proto-planetary rings, and pr_o’to—satellite rings, The

three major assumptions of the model were,

(1) Protosun surrounded by void out to 50 A.U. Solar nebula

beyond that.

(2) Radial flow of material from protosun carries very little angular

momentum.,

(3) Rings formed as a result of interaction of gas flow with solar

nebula will divide into two roughly Aequal, concentric parts.

The absorption of gas by the solar nebula from the radial flow causes
part of the nebula to move inward. As it progresses toward the sun

it repeatedly divides according to assﬁmption (3), leaving a series of
concentric rings in orbit, The ratios of the distances from the sun of
successive rings is calculated to be about 1.6. This figure agrees

well with the observed planetary spacings, thus providing a more funda-

mental derivation of a modified Bode's law,

A similar analysis was applied to the problem of satellite for-
mation, yielding the same spacing factor of 1.6. There is good agree-

ment with the observed positions of the satellites of Jupiter, Saturn and



Uranus if we consider only those satellites whose orbits are direct

and coplanar.

I am pleased to acknowledge helpful discussions with R. E.
Berendzen, A. J. Kalnajs, and R. P. Stefanik. This work was sup-
ported by National Aeronautics and Space Administration Grant NsG

540,




TABLE 1. Planets

Orbit Semi-
Planet Mejor Axis Ratios
Mercury « 387 AU,
, . 1.87
Venus <723
1.38
Earth 1,000
1.52
Mars 1.524
1.84
Asterolds 2,8
Jupliter 5. 203 :
1.84
Saturn 9.539
2.01
Uranus 19.191
1.56
Neptune 30,071
Pluto 390 518




. PABLE 2. Satellites (Allen 1963)
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' Orbit Seml- Orbilt Orbit
Satelllte Mejor Axls Ratlos Eccentriclty Inclination
Juplter ' 3 ‘ 40
5 181x10”km. - 2 .003 .

1 Io 422 52 1.55%) small 0
2 Europa 671 1.60 small 0
| 3 CGanymede 1070 1076 small 0
4 Callisto 1883 * small 0
6 11470 .158 28
7 11740 . 206 26
10 11850 . i25 32%. ?‘1)
12 21200 . by _
11 22560 . 207 16.5 ()R)
8 23500 . 40 3% (R
9 23700 . 27 25 (R)
Saturn ,
Rings 72-13T7(1054A%) 1.77 .
1 Mimas 186 1.28 020 1.5
2 Enceladus 238 1‘24 . 004 0.0
3 Tethys 205 1°28 .0 l.1
4 Dione 377 * . 002 0.0
5 Rhea . 527 }, O -1 522) . 001 o3
6 Titan 1222 2,22 (FLe . 029 .3
7 Hypserilon 1481 %’ﬁ% (=1 552) . 104 oD
8 JTapetus 3560 . y . 028 14,7
9 Phoebe 12050 163 30 (R)
Uranusg ‘ '
1 Ariel © 192 * .003 0
> Umbriel 267 % 22 . 004 0
% Titaenla 438 1' L . 002 0
L Oberon 586 3 . 0007 0
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